Molecular and genetic approaches in several species have provided new insights into the mechanisms of rest-activity and sleep-wake regulation. Many of these discoveries are believed to support hypotheses about sleep functions, which nevertheless remain elusive. In this review we discuss the specific contribution of both mammalian and invertebrate models to our understanding of the molecular basis of sleep.
INTRODUCTION
In order to survive animals need to rest. Lack or restriction of rest invariably leads to episodes of prolonged or intense recovery translated into behavioral inactivity. Surprisingly, the neurobiology and the molecular basis of rest or sleep have attracted little attention until recently. Modern sleep research dates back to the early 1950s when rapid-eye movements (REMs) and muscle atonia during sleep were discovered. This discovery led to the characterization of a new vigilance state, i.e., REM sleep. Eugene Aserinsky and Nathaniel Kleitman, in the September 4, 1953 issue of Science, recorded the first evidence of "rapid, jerky, and binocularly symmetrical eye movements" during sleep and claimed that 20 of 27 interrogations during REMs had "revealed detailed dreams," whereas 19 of 23 interrogations in the absence of REMs "disclosed complete failure of recall" (7) . They also observed changes in respiratory and heart rates while the electroencephalogram (EEG) showed lowamplitude mixed frequency activity. Although the periodicity of these events were estimated to be longer (around 2 h) than that accepted today (1.5 h), they concluded that their "method furnishes the means of determining the incidence and the duration of periods of dreaming" (7) . The link between REM sleep and dreaming was further strengthened by William C. Dement (31, 32) , strongly influenced by the Freudian psychoanalytic school that still exerts a strong influence in research on sleep and dreaming (76) . More recent work, however, clearly indicates that dreaming occurs during both REM and non-REM (NREM) sleep, although the length of dream reports is longer during REM sleep (36) . In 1959, Michel Jouvet, working with cats, discovered that the periodic occurrence of REMs and low-amplitude mixed EEG was accompanied by muscle atonia; he proposed the term "paradoxical sleep" because the EEG during these periods resembles that of wakefulness (63) . The term paradoxical sleep is still used in animal studies.
Wakefulness, NREM, and REM sleep constitute the three states of vigilance in mammals and birds as defined by changes in brain electrical activity, measured by the EEG, in muscle tone by the electromyogram (EMG), and in eye movements by the electro-oculogram (EOG). The vigilance state-specific changes in the EEG arise mainly from cortical activity, and in species without or with an underdeveloped cerebral cortex, changes in the EEG do not necessarily correlate with behavior. Because eye movements may also be absent in some species, and muscle tone may not change in others, these three basic electrophysiological measures are unhelpful in species other than birds and mammals. Other behavioral correlates of sleep must therefore be used; these include immobility, a stereotypic posture, reduced reactivity to external stimuli, reversibility to the waking state, and homeostatic regulation. Homeostatic regulation implies that the amount (or intensity) of rest correlates to the preceding duration of activity, and, therefore, rest deprivation should result in subsequent compensatory increase (or rebound) in the duration and/or intensity of rest (14) . These behavioral criteria, which have been successfully applied to rest in many species, suggest that sleep in mammals and birds shares some basic features with rest in species where sleep cannot be defined using electrophysiological means. Using genetics as a tool, this possibility has recently opened up new avenues to investigate the molecular basis common between rest and sleep in species such as Drosophila melanogaster and Caenorhabditis elegans. Given the significant progress made recently in better understanding the molecular and neuroanatomical bases of sleep in Drosophila, this review in addition to most significant progress in mice and humans will provide an in depth discussion on sleep in the fly.
of sleep differ in their regulation and interact with each other and with the environment. Each aspect is likely to be under the control of a multitude of genes, and each component of sleep must therefore be considered a complex trait. To successfully apply genetic analysis to these traits, the phenotype to be analyzed must be precisely and quantitatively identified. Although sleep is a behavior, sleep in mammals is no longer studied through behavioral observation in a laboratory setting. Instead, sleep researchers rely almost exclusively on electrophysiological potentials measured from the cerebral cortex (EEG), muscle (EMG), and the eye (EOG) to determine sleep, i.e., polysomnography. These measures enable the amount, distribution, and quality of sleep (indexed as sleep fragmentation, consolidation, or sleep episode duration) to be quantified. Apart from using the EEG signal to determine behavioral state, the signal itself contains information concerning neuronal activity of the structures that generate them and that are thought to govern sleep. Specific phasic events such as EEG spindles, K-complexes, and the typical EEG patterns preceding REMs in rodents can be extracted from the signal using pattern-recognition algorithms. The amplitude and frequency of rhythmic EEG activity (e.g., delta, theta, and alpha oscillations) can be quantified using periodogram algorithms such as the Fast-Fourier Transform (FFT). The electrophysiological correlates of sleep have been thoroughly examined in the mouse and thus form the basis for the genetic dissection of sleep and the sleep EEG in this species (41, 43, 44, 57, 127, 135) .
One prerequisite in elucidating sleep function is to learn how sleep is regulated. Determining how the various aspects of sleep change in response to sleep loss (either spontaneous or induced) and how these responses vary with different mouse and fruit fly genotypes might provide important clues to the molecular substrates of sleep need and, ultimately, function. In general, sleep is believed to be regulated by two main processes: circadian and homeostatic (9, 25) . The circadian process is SCN: suprachiasmatic nuclei a self-sustained oscillation that is generated in the suprachiasmatic nuclei (SCN) of the hypothalamus in mammals (66) and in the small ventrolateral neurons (s-LNvs) in the fruit fly (94) . It gives time-context to most physiological processes and behaviors including sleep, and ensures proper entrainment between internal rhythms and the external alternations in photoperiod. Thus, the distribution of sleep over the 24-h day is strongly determined by the circadian process. The homeostatic process tracks sleep need, which accumulates in the absence of sleep and decreases in its presence. Thus, with increased time-spent-awake the propensity or need to initiate sleep increases. As a consequence of the daily (circadian) distribution of sleep and wakefulness, the homeostatic process also follows a 24-h oscillation. Note that this oscillation is driven by the sleep-wake distribution, whereas the circadian rhythm is self-sustained. The two processes develop independently but their interaction determines the timing, duration, and quality of both sleep and wakefulness (33, 34 ). An easily quantifiable EEG measure of NREM's intensity, delta power (i.e., EEG power in the 1-4 Hz frequency range) is a reliable physiological marker of homeostasis (9, 25) . Other aspects of mammalian sleep, such as amounts of NREMs and REMs, are also homeostatically regulated but their dynamics differ from each other and from that of NREM's intensity [(reviewed in 39)]. As stated above, each of these aspects is likely controlled by different genetic factors. Both aspects of homeostatic sleep regulation (duration and intensity) are also evident in the fruit fly (52, 105, 107) . Sleep-deprived fruit flies show compensatory increases in sleep time during recovery that is associated with increased arousal thresholds (52, 105) .
Recent evidence indicates that mammalian sleep and fly sleep share many commonalities, not only at the behavioral, but also at the genetic and molecular levels. By measuring sleep phenotypes in mutant flies and by correlating changes at the molecular level with behavioral states, Drosophila studies have shown that sleep regulation involves DAMS: Drosophila Activity Monitoring System neurotransmitters, channels, and intracellular signaling molecules similar to those in mammalian sleep. To demonstrate the validity of this invertebrate in sleep studies, a common approach during this period was the use of candidate genes from mammalian studies. Although such studies extended the list of similarities in sleep regulation between flies and mammals and validated the use of Drosophila as a model system, the true advantages of using Drosophila as a model organism are that gene discovery should be faster, easier, and more economical. These advantages have not yet been fully exploited.
Drosophila is considered a genetic model organism because of the relative ease with which novel genes and molecular pathways regulating physiology and behavior can be discovered in an unbiased way. Traditionally, gene discovery involves devising a mutagenesis screen whereby thousands of mutagenized flies are screened for a phenotype that is significantly different from the population average. Of essential importance in such screens is that precise and quantifiable phenotypes are defined to enable unambiguous identification of mutant individuals. Currently, estimates of sleep time in flies are based on measurements of locomotor activity of individual flies, a method easily scaled up to fit the requirements of a mutagenesis screen. Similar attempts to quantify sleep in mice based on non-EEG measures are being explored for the same reason [e.g., analyses of video recordings and of signals generated by piezo-electric surfaces (37, 93) ].
Sleep measurements in flies are routinely done using Drosophila Activity Monitoring System (DAMS) (TriKinetics, Waltham, Mass.) (4). This system, originally developed to monitor circadian locomotor activity in flies, can be used to estimate sleep based on periods of inactivity. Behavioral and electrophysiological measurements of quiescent flies have shown that periods of inactivity lasting more than five min are accompanied by increased arousal thresholds (58, 90, 105) . One advantage of using Drosophila in sleep research lies in the relative ease of handling large numbers of flies, amenable to statistical analysis. The DAMS system captures this advantage as it enables automated measurement of activity from large numbers of individual flies, for a number of days, and for various experimental protocols. Based on DAMS records, several sleep-related parameters are commonly used to describe sleep in flies. Most commonly reported is the average sleep amount.
In mammals, the level of EEG delta power correlates negatively with the number of brief awakenings that interrupt sleep (42) and with arousal thresholds (88) . In flies, the number of brief awakenings during sleep, arousal thresholds, and average sleep bout duration have been used as measures of sleep intensity. Sleep deprivation in flies is commonly performed by mechanical stimulation or pharmacological exposure while flies remain in DAMS, which enables monitoring the effectiveness of the deprivation. No consensus has been reached among different research groups regarding the method of mechanical sleep deprivation (1, 5, 6, 9) . Although the different methods utilized can result in similar DAMS measurements, the degree of stimulation and associated stress that flies receive can differ substantially. This disparity becomes pertinent in microarray studies where conclusions about changes in gene expression induced by prolonged wakefulness are derived from flies that were exposed to different lengths, intensities, or types of sleep deprivation (4, 8, 11, 12) .
Another measurement derived from DAMS is activity of an individual fly during waking. This index enables identification of severely hypoactive or hyperactive flies, conditions that, when they significantly deviate from the population average, are likely a consequence of nonsleep-related factors. Measurements of average activity during waking and sleep periods are good indicators of the degree to which particular genetic or other manipulation has an effect: Is it sleep specific or does it also influence activity? Increased waking activity does not preclude a genuine sleep effect, but it makes it harder to determine if the decreased sleep and increased activity are causally related or if a given manipulation affects sleep separately from activity. While some manipulations can affect both parameters in opposite directions, changes in activity during waking are not always correlated with changes in sleep (2, 7) . This indicates that sleep measurements are not just a consequence of changes in activity, and more importantly, that regulation of sleep is distinct from that of activity.
The invertebrate brain lacks the neuronal architecture to generate mammalian-like EEG patterns during sleep. However, electrophysiological recordings of local field potentials (LFP) from fly brains showed that periods of wakefulness and sleep have distinct brain activity signatures. Periods of sleep are associated with decreased LFP activity in the 10-100 Hz range (90) . Distinctions between neural mechanisms governing sleep and activity are also evident, in that LFP changes in the 20-30 Hz range correlate with salience-related arousal, whereas changes in the 80-90 Hz range correlate with waking movements (133, 134) . These electrophysiological signatures of behavioral states further validate the similiarity of sleep in Drosophila to that of mammalian sleep, and provide another approach that, in combination with other transgenic and genetic manipulations, will be useful in elucidating sleep at a systems level.
During development, C. elegans undergoes periodic quiescent periods called lethargus. These periods satisfy several behavioral criteria for sleep, such as rapid reversibility, increased arousal thresholds, and homeostatic response (99) . A genetic regulation common to lethargus in C. elegans and sleep in Drosophila is now emerging. This demonstrates the potential utility of this relatively simple organism in the investigation of the molecular mechanisms of sleep regulation and hence in the quest for sleep functions.
BRAIN CIRCUITRY AND NEUROTRANSMITTERS OF VIGILANCE STATES
Most of our knowledge about the neurobiology of vigilance states is derived from mammalian models (Figure 1) . Early lesion and VLPO: ventral lateral preoptic area pharmacological studies show that sleep and wakefulness are controlled by multiple neuronal systems using different chemical neurotransmitters such as glutamate, acetylcholine, noradrenalin, dopamine, serotonin, histamine, adenosine, GABA, and orexin (103) . All except GABA participate in the widespread, direct, or diffuse projections to the cortex, thalamus, and brainstem or spinal cord that promote wakefulness (Figure 1) . Wake-promoting structures are active during wakefulness, diminish their activity during NREM, and are inactive during REM sleep. Nevertheless, recent lesion and/or loss-of-function models in cats, rats, and mice indicate that the deletion of either serotonergic (11, 12, 143) , noradrenergic (60, 92) , dopaminergic (142), or cholinergic systems (70, 138) has no major impact on vigilance states. Moreover, a recent study in which the noradrenergic locus coeruleus, the basal forebrain cholinergic neurons, and the histaminergic tuberomammillary nucleus were double or triple lesioned, indicates that these traditional wake-promoting structures are not essential in controlling the amount of sleep and wakefulness (8) .
Adenosine seems necessary to induce and increase sleep in specific brain regions such as the basal forebrain and the ventral lateral preoptic area (VLPO). Lesions of the VLPO result in an initial significant decrease in sleep (75), albeit not more than 50%. Mice with adenosine A2a receptor loss of function have reduced sleep and reduced response to sleep deprivation and caffeine (56, 126) , which suggests that adenosinergic modulation of the VLPO might play a role in sleep.
Cholinergic and cholinoceptive brainstem structures are not only active during wakefulness but also play a critical role in the induction of REM sleep and its associated cortical and phasic (REMs) and tonic (muscle atonia) characteristics (62) .
Hypocretins or orexins are the latest neurotransmitters for which a role in sleep regulation has been established (83 (72) and narcolepsy-like symptoms in null hypocretin mice (15) . Despite the widely held view that hypocretins play a major role in vigilance states by controlling the activity of almost all other wake and sleep-active structures (Figure 1) , hypocretin deficiency actually results mainly in an inability to maintain consolidated bouts of wakefulness and, eventually, in inappropriate wake-to-REM sleep transitions. Whether hypocretins are directly involved in vigilance states or are primarily essential to prevent muscle atonia during wakefulness (cataplexy) needs further investigation.
Overall, neither lesion nor ligand or receptor loss-of-function experiments of the major neurotransmitter systems seem to dramatically affect vigilance states, probably because of the simultaneous and compensatory contribution of multiple neuronal and neurotransmitter systems. Site-and time-specific gene deletions or knock-down in one or several neurotransmitter pathways are necessary to delineate their respective contributions.
GENETICS OF SLEEP AND THE EEG IN HUMANS AND MICE
Over the past 70 years, abundant evidence has accumulated to demonstrate that many aspects of sleep and the EEG are strongly determined by genetic factors [for reviews see (64, 73, 91, 106, 115) ]. The earliest indications (in humans almost exclusively) come from twin studies showing that sleep patterns within monozygotic twins have a higher concordance than within dizygotic twin pairs or unrelated subjects (48, 73, 130) . Twin studies also revealed that, especially for the EEG, additive genetic factors importantly outweigh environmental influences, and heritabilities up to 90% have been reported (131) . Many of these studies concerned the waking EEG (Figure 2 ), although in a limited number of studies similarly high heritabilities were found for EEG activity during sleep (73) . A recent twin study reported that the EEG activity between 8 and 16 Hz during NREMs shows a heritability estimate of 96%, independent of sleep need and intensity (30) . With these strikingly high heritabilities, EEG traits qualify as the most heritable traits in humans, matched only by heritabilities for brain architecture such as has been demonstrated for the distribution of gray matter in the cerebral cortex (Figure 3) . In fact, these two traits might well be interrelated in that functional brain connectivity and rhythmic brain activity underlie common genetic factors (98) .
Despite numerous reports on the genetic determinants of sleep and the EEG, remarkably little progress has been made in isolating the genes underlying these traits. Other than the linkage studies of Vogel and colleagues, which identified a locus for a low-voltage waking EEG trait (6) , familial studies on quantitative EEG analysis are completely lacking. In the circadian field, there are examples of successful family-based linkage studies in humans; the circadian disorder familial advanced sleep phase syndrome (FASPS) was found to be associated with alterations in the circadian clock genes hPer2 and hCk1d (120, 144) . Nevertheless, reverse genetic studies in which the effect of known allelic variants for candidate genes on sleep and the EEG was tested demonstrate that single genes can indeed profoundly affect these phenotypes (100, 101, 136) .
Genetic studies of sleep in the mouse were pioneered by Valatx. In the early 1970s, Valatx's group initiated a series of crossing experiments and recorded sleep in hundreds of inbred, recombinant inbred, and hybrid mice (127, 128) . His and other groups found that many aspects of sleep and the sleep EEG differed dramatically among inbred strains of mice. Much like human twin pairs, mice of a particular inbred strain can be considered genetically identical clones that differ from other inbred strains. Unlike humans, mice are amenable to detailed genetic analysis, and different approaches have been successfully employed to find genes implicated in sleep. Apart from family-based linkage studies that generally have limited power in identifying genes for complex traits, genomewide association (GWA) studies in large casecontrol populations are becoming increasingly popular. Two recent GWA studies have identified genes related to the sleep-related disorder, restless leg syndrome (111, 140) . Other forward genetic approaches utilized currently in mice are mutagenesis (as in Drosophila, see below) and QTL analysis. The feasibility of this approach in the mouse was demonstrated by the isolation of the canonical circadian gene Clock (65, 137) . Mutagenesis studies for sleeprelated phenotypes in mice are under way but await the development of reliable non-EEG, high-throughput screening techniques. Mutagenesis studies in flies have been more successful (see below), and in some cases, the genes identified have been confirmed in mice [e.g., (18, 35) ].
QTL analysis is the method of choice to genetically dissect complex traits such as sleep (1, 26, 69) . Almost 20 years after Valatx's group collected sleep data in a panel of CXB RI mice, we used these data to report the first QTL sleep study (116 Correlation between twins in gray matter distribution. Genetically identical twins (MZ) are almost perfectly correlated in their gray matter distribution. Fraternal twins (DZ) are significantly less alike in frontal cortices, but are 90%-100% correlated for gray matter in perisylvian language-related cortex, including supramarginal and angular territories and Wernicke's language area (W). The significance of these increased similarities, visualized in color, is related to the local intra-class correlation coefficents (r). Modified from Thompson et al. (119) .
from the inbred strains BALB/cBy (C) and C57BL/6By (B). Due to the small number of strains (i.e., 7 lines) the results had no power in yielding significant QTLs. Two years later, in a larger CXB RI set consisting of 13 lines, Toth & Williams identified several QTLs related to both NREM and REM sleep (121) . A QTL for the amount of REM sleep on chromosome 17 was present in both studies but for neither QTL was a genome-wide "significant" level reached. Subsequent mapping of sleep QTLs in a set of BXD RI lines was more successful (10) . BXD RIs are derived from the inbred strains C57BL/6J (B) and DBA/2J (D). We recorded baseline sleep and sleep after 6 h of sleep deprivation and analyzed a range of phenotypes, several of which yielded "suggestive" and "significant" QTLs ( These examples demonstrate that QTL analysis can be successful in identifying new genes and new signaling pathways underlying sleep and EEG traits, although in some cases the trait difference between the progenitor strains was found to be a single-gene effect. These examples also confirm that EEG traits are highly genetically determined. To make progress on smaller effect QTLs, such as for the amount and distribution of sleep, sleep phenotyping in other resources such as the Collaborative Cross or outbred mice for QTL and GWA analyses should be considered.
GENETICS OF SLEEP IN FLIES AND WORMS
Analogous to the search for sleep function in mammals, which has recently focused on neuronal plasticity, studies in flies point to possible functional relationships between sleep and learning and memory. Two important points have emerged from these studies: First, there are common anatomical and molecular substrates for learning and memory and sleep; second, manipulating these substrates mostly affects baseline sleep amounts. Molecules that affect plasticity were shown to affect baseline sleep in flies. Furthermore, expression of these molecules is prominent in the region of the fly brain called mushroom bodies (MB), which have been studied extensively in olfactory associative learning and memory.
Genetic approaches in analyzing sleep in flies have shown that it is possible to dissociate very specific components of sleep mechanisms, such as sleep latency, sleep duration, and homeostatic response. Although molecules that convey these effects are widely expressed throughout the CNS, their effects on sleep regulation are very specific, as is the case for excitatory Sh mns potassium channel and inhibitory GABA(A) channel (2, 18) . A fly mutant for a pentameric subunit of GABA(A) channel that mediates fast inhibitory transmission, Rdl (Resistant to deildrin), has specific effects on sleep latency (2) . This suggested that the Rdl mutation, which at the channel level leads to increased GABA-ergic inhibitory current due to a decreased rate of desensitization, results, at the behavioral level, in increased sleep drive. This report coincided with one examining Rdl's role in learning and memory, which proposed that Rdl might be gating the input of olfactory information into the MB (74) . GABA(A) channels are expressed broadly throughout the brain but they are very abundant in MB calyces (MB neuropil). Rdl knockdown enhanced memory acquisition, but not memory stability. Thus, an increase in inhibitory currents seems to lead to selective effects on sleep and memory, i.e., decreased sleep latency and improved memory acquisition.
Another broadly expressed gene in the fly brain is the Sh potassium channel (47, 124) . This gene was discovered in a behavioral screen of over 9000 mutagenized fly lines (18) . A fly with a very short sleeping phenotype was iden- (102, 123) . Another gene, Hyperkinetic (Hk), shares a similar phenotype: decreased baseline sleep but normal recovery sleep (13) . Sh and Hk encode the α and β subunits, respectively, of a potassium channel, and mutations lead to prolonged depolarization and increased transmitter release (112, 145) . Regulation of neuronal excitability and synaptic transmission by Sh and Hk were proposed to play a role in activity-dependent synaptic plasticity (125) . Sh potassium channels are predominate in synaptic areas of the MB, optic lobes, and central complex, structures in the fly brain implicated in integrative functions (47) . In accordance with their strong expression in the MB, Sh mutants have been shown previously to have deficits in the type of learning that is dependent on MB: associative olfactory learning (22, 23, 49) . Short sleeping phenotypes of Sh and Hk segregated with memory deficits in a short-term memory assay called Heat-box, an operant conditioning paradigm (13) . Operant conditioning in the Heat-box is among several MB-independent forms of learning. Thus in the context of the work by Bushey et al. (13) , the correlation between short sleep and deficient short-term memory is relevant for the function that Sh and Hk have outside the MB, and it remains to be determined if it can be generalized to other forms of MB-dependent learning. Although the correlation between sleep and memory deficits in Sh and Hk flies suggests that these two processes might be causally related, an alternative explanation is that because potassium channels underlie plasticity, they can influence both sleep and memory without a causal relationship.
The relationship between sleep, memory, and plasticity was explicitly addressed in a study by Ganguly-Fitzgerald et al. (46) . These authors introduced a new plastic behavior and correlated effects of different genetic manipulations on this behavior with changes in sleep www.annualreviews.org • Genetics of Sleepamount. It was shown that the social context in which flies are raised predicts sleep need and that response to social context is plastic in that switching flies from an impoverished to an enriched context will increase sleep, and vice versa. Fly lines identified as memory mutants lack the ability to mount the appropriate response (decrease in sleep) after being moved from the enriched to the impoverished environment. Among these lines were dunce (dnc) and rutabaga (rut) mutants, whose genes are highly expressed in MB, and dCREB2-b transgenic flies, all with defective cAMP signaling (24, 89) . The relationship between cAMP signaling and sleep has been previously reported, indicating that cAMP signaling is inversely related to sleep (55) . Changes in dopaminergic system seem to correlate with some of the manipulations of social context. The results are, however, not always consistent with the known wake-promoting effects of dopamine or with the dopaminergic role in the regulation of plasticity (5, 84). Ganguly-Fitzgerald et al. (46) also used a courtship-conditioning paradigm to emphasize the relationship between sleep and learning and memory. Males trained in this assay slept more than their untrained siblings and their courtship memory was abolished by sleep deprivation immediately following training or during the subsequent night. This report presented correlations between the environment in which flies are raised and the amounts of sleep, and between sleep deprivation and poor memory. cAMP signaling might underlie some of the correlations, although the roles of dopamine as well as neural mechanisms remain to be explored. Although the focus of this study was not on anatomical regions involved in these behaviors, a potential role for MB can be deduced based on strong expression of dnc and rut in MB, and the MB-dependent task: courtship conditioning (24, 89, 109, 149) .
Two recent studies addressed the role of MB in sleep regulation more directly. Transgenic flies in which catalytic subunit of protein kinase A was induced throughout the brain are reported to have decreased sleep amounts (55). Joiner et al. (61) expressed a constitutively active form of PKA in restricted brain areas of the fly and observed significant changes in sleep amount only if the expression was restricted to MB (61) . Other targeted perturbations of MB, such as expression of potassium channels, which hyperpolarize neurons and suppress action potentials, led to increased sleep amounts, whereas expression of sodium channels, which depolarize neurons and increase excitability, shortened sleep in transgenic animals. These experiments are consistent with the model whereby PKA signaling affects sleep by modulating excitability or synaptic transmission. However, neuronal populations in MB are not homogeneous, and some MB neurons were found to increase, while others decrease sleep amount. Functional nonuniformity of MB neurons also exists in relation to associative learning (29) . Although the role of MB in sleep regulation seems to be supported by a number of studies, the direction of the change in sleep amount following manipulations of MB is still unclear. For example, ablation of MB decreases sleep, suggesting a sleep-promoting role for MB (61, 97) . Experiments where synaptic transmission was blocked by a temperature-sensitive orthologue of dynamin protein called shibire (shi ), which is involved in synaptic vesicle recycling, showed a significant sleep reduction at restrictive temperature when the manipulation was restricted mostly to the MB (97) . The observation that increased excitability in one study and decreased synaptic release in another both decrease sleep amount remains to be explained. One possible explanation might be the nonhomogeneous nature of MB and the fact that these studies used transgenic flies with overlapping, but not identical, expression in the MB. Use of more specific MB drivers will be required to define areas with permissive and restrictive roles in sleep.
Serotonin (5HT), particularly serotonergic signaling in MB, regulates sleep in Drosophila (148) . 5HT has a general role in promoting sleep in flies, as feeding flies the 5HT synthesis precursor, 5-hydroxytryptophan (5-HTP), increases sleep amount in a variety of shortsleeping mutants. 5HT signaling through 5-HT1a receptors modulates sleep amount. 5-HT1a loss-of-function mutants show impaired consolidation of sleep at night (increased number and decreased duration of sleep bouts), resulting in decreased sleep amount. This deficit is rescued by expressing a functional copy of 5-HT1a in MB. 5-HT1a receptors are coupled to adenylyl cyclase, corroborating findings on the importance of MB cAMP/PKA signaling in the regulation of sleep and learning and memory (28) .
In flies, as in other animals, the amount of sleep is influenced by arousal, and high arousal level will not only suppress sleep but also increase locomotor activity. In the context of a potential role for MB in regulating arousal, MB modulate both locomotor activity and sleep. A role for MB in the control of arousal has been proposed previously in regard to effects that MB manipulations have on locomotor activity (81) . This relates in particular to the observation that MB ablations terminate activity bouts without changing the number of bouts or frequency of walking (counts/bout). Similarly, genetic or transgenic manipulations of MB, which lead to decreasing sleep amounts, are often accompanied with shortening of sleep bouts and can thus be explained by a premature arousal signal (5, 13, 18, 46, 61, 97, 148) .
The ability to control arousal levels is essential for any behavioral performance. The MB influence on locomotion, sleep, and learning and memory can thus be explained by their role, if any, in regulating arousal levels. If they do have such a role, MB manipulations and flies with strong expression of relevant genes in MB would show changes in baseline sleep amounts but would maintain a normal homeostatic response to sleep loss. Indeed, this has been the case for all the aforementioned mutants and manipulations of MB. On the other hand, mutant flies with deficits in homeostatic response are those for cyc, Hsp83, dCREB2, BiP, EGFR, and fmn, which are not strongly expressed in the MB (summarized in Table 2 ). These findings suggest that baseline sleep and the homeostatic regulation of sleep might operate in anatomically distinct brain areas. Under this scenario, MB would affect baseline sleep by regulating arousal levels, while yet undefined area(s) outside MB would regulate the homeostatic response to sleep deprivation (Figure 4) . Given that MB transduce considerable sensory information to the rest of the brain, this would enable them to influence numerous behaviors through modulation of arousal.
Circadian and Homeostatic Regulation of Sleep
Circadian mechanisms regulate the timing of sleep, whereas homeostatic mechanisms regulate the need and the intensity of sleep (10) . Because molecular mechanisms governing circadian behavior were first elucidated in Drosophila, the first reports describing fly sleep focused on the role of genes that regulate circadian rhythms, so-called clock genes, in the regulation of fly sleep (52, 54, 55, 108) . Molecular and genetic studies in flies indicate that a subset of clock genes, cyc and Clk, regulates sleep behavior, whereas brain areas essential for circadian regulation are not directly involved in sleep regulation. Furthermore, cyc and other genes that affect the homeostatic regulation of sleep are not strongly expressed in MB, another indication of anatomical separation for homeostatic and baseline sleep regulation.
A vital role for sleep in flies was revealed in studies of cyc 01 mutants (108) . cyc 01 flies seem to function in an elevated state of sleep need evidenced by excessive homeostatic rebound after sleep loss. Furthermore, sleep deprivation causes lethality significantly sooner than in WT flies. Sexual dimorphism in sleep amount is observed in most flies (males sleep more than females during the day), but in cyc 01 flies this disparity extends to the regulation of recovery sleep. cyc 01 males seem to require stronger stimuli to stay awake, and on rebound they show recovery sleep that is not as exaggerated as in females (54) . Nonetheless, males start dying after sleep deprivations longer than 12 h, indicating that in males lethality is not linked to excessive sleep need, and that those two phenotypes can be dissociated (108 Sleep amount and sleep need in Drosophila are regulated by genes expressed in distinct brain areas. Genes with strong or predominant expression in mushroom bodies (MB) influence sleep amount in baseline (unperturbed) conditions. Increased sleep need following sleep deprivation is mediated by genes expressed outside MB, in yet undefined brain areas. A subset of these genes influences sleep amount during unperturbed conditions. Neuronal circuitry mediating interaction between genes regulating sleep amount and sleep need is not known and neither are molecular pathways in which these genes participate. The cascade of events transducing changes in external and internal milieu to sleep genes, and from them to changes in behavior, needs to be identified. For gene abbreviations see text.
another partner. A similar distinction was suggested previously for other noncircadian roles of these genes (3). The stressful nature of prolonged wakefulness has been demonstrated in several studies in flies and mammals (17, 19, 139) . Among stress response genes induced by sleep deprivation are chaperones, which are involved in protein folding. Hsp 83 is a chaperone normally induced by heat shock, but studies in flies have shown that it might participate in the same molecular pathway as cyc (108 01 flies. The chaperone, BiP, is one of the genes induced by sleep loss in flies and rats. In flies these changes are translated into changes at the protein level (87, 108) . Sleep deprivation increases protein concentrations in Drosophila brain and the change is correlated with an increase in recovery sleep (87) . BiP in Drosophila is thought to be involved in handling misfolded proteins. One way to counteract prolonged wakefulness www.annualreviews.org • Genetics of SleepCREB: cAMP responsive element binding protein may be through the upregulation of chaperones processing misfolded proteins, as increased expression of various chaperone genes has been recorded in several microarray studies.
Pharmacological treatments, genetic mutants, and transgenic manipulations of dopaminergic system show a negative correlation between dopaminergic signaling and sleep amount (5, 67, 142) . However, the dopaminergic effect on sleep seems to be closely related to its effects on locomotion, consistent with the view that sleep and activity are stages of the same arousal continuum, modulated by the same molecule, dopamine. According to this view, dopaminergic signaling, depending on its activity, can have either wake-promoting or motor-activating effects, or both. Examples of sleep-specific effects come from feeding flies with hydroxylase inhibitor 3-iodo-tyrosine (3IY), which decreases dopaminergic signaling (5). 3IY-flies sleep more, but retain normal levels of activity. Increasing dopaminergic tone by feeding flies methamphetamine, whose primary site of action is the dopamine transporter (DAT), is usually accompanied by decreased sleep and increased activity (5) . Similarly, fumin ( fmn) mutant flies, in which dopaminergic tone is increased as a consequence of a mutation in DAT (67) , are short sleepers, and are highly arousable, which is likely to contribute to their lack of recovery sleep following sleep deprivation (67) . METH-treated flies are also highly arousable and deficient in homeostatic rebound after sleep loss (5), indicating that DAT activity is involved in the regulation of sleep and activity. Such general effects of dopaminergic signaling on arousal levels are not inconsistent with other more specific roles of components of dopaminergic system in the control of sleep, and other behaviors related to sleep. Other manipulations that do not directly affect dopaminergic function in arousal lead to changes in sleep that are not as clearly correlated with changes in activity, suggesting that the regulation of sleep is separate from that of activity (53) .
The cAMP responsive element binding protein (CREB) is activated by increases in the concentration of either calcium or cAMP and is an important component of intracellular signaling events that regulate a wide range of biological functions, including circadian rhythms, memory, and sleep. Modulation of CREB activity is inversely related to sleep amount, in accordance with reports showing an inverse relationship between cAMP activity and sleep (55) . Although it is widely accepted that CREB plays a role in memory formation in flies and mammals, its exact function and importance for different forms of memory are controversial. A model wherein dCREB-2a (activator) and dCREB-2b (repressor) molecules function to improve and suppress long-term memory in flies has been questioned, and a simpler model is proposed in which only dCREB2-b functions as a long-term memory suppressor (96, 146, 147 ). This latter model agrees well with findings on dCREB-2a and dCREB-2b effects on recovery sleep, as only dCREB-2b flies show increased recovery (55) . Thus, although the presence of dCREB is required in molecular processes related to memory and sleep, elevated, activated levels of dCREB do not lead to functional improvements.
It was recently shown that CREB-binding protein (CBP) participates in the transcriptional regulation of CLK:CYC dimers (59, 71). Molecular mechanisms revealed by in vitro experiments showed that CBP directly targets the PAS (Per-ARNT-Sim) domain of CLK, thereby inhibiting dimerization, DNA binding, and transcriptional activity of CLK/CYC dimers (59) . In light of the similarity in behavioral phenotypes between dCREB-2b flies and cyc mutants, it will be interesting to determine if there is a molecular link between dCREB induction during recovery sleep and the role of cyc in sleep regulation.
Several recent reports from the nematode C. elegans have revealed that the molecular machinery controlling quiescent states might be conserved across phyla (99, 132) . One signaling component with similar function between flies and worms is cGMP-dependent protein kinase (PKG), and decreased PKG signaling in both species decreases quiescence (99) (38, 132) . Information gained from studies in worms and flies might help explain previously reported effects that EGF signaling has on sleep in mammals. EGFR belongs to a family of tyrosine kinases and is considered to be one of the cardinal pathways in eukaryotes that transmit information between cells during development important for cell proliferation, differentiation, and survival. When the EGFR ligands rhomboid or Star, in flies, or LIN-3, in C. elegans, are induced, they lead to increased sleep need and consolidation in flies, or increased lethargus in worms. The neuroendocrine system seems to be important in mediating the EGFR effects in both species. In flies, EFGR leads to phosphorylation of extracellular signal-regulated kinase (ppERK) (38) . Phosphorylation of ERK is necessary for its activation and is an important step in mediating neuronal responses to synaptic activities. In mammals, the ERK/MAP kinase signaling cascade has been studied in the context of longterm potentiation and memory formation (49) . Functional consequences of ppERK activation in sleep regulation are not known; however, a report from sleep-deprived rats suggests a link between ERK activation, sleep, and spatial memory (50) . In flies, modulation of EGFR signaling affects not only sleep amount, but also recovery sleep (38) . This effect further supports the proposal that areas responsible for regulation of homeostatic response to sleep loss might be located outside the MB. Given the focus on MB as the brain structure involved in sleep and memory regulation, this report provides a novel molecular pathway and a novel site for its action in the Drosophila brain.
The findings in C. elegans suggest that quiescent periods with sleep-like features are likely to be evolutionarily ancient. As lethargus is a developmental stage characterized by changes in the nervous system, it will be interesting to determine if lethargus evolved for the purpose of promoting these changes. Findings from fly mutants involved in the regulation of recovery sleep, whose genes are not strongly expressed in MB, nonetheless continue to support the EGFR: epidermal growth factor receptor connections between sleep and neuronal plasticity. This connection is clearly apparent for molecules previously studied for their role in neuronal plasticity, such as EGFR signaling, DAT, and CREB. Also, a role for chaperones in sleep might, at some level, be relevant for plasticity. In the context of sleep, chaperones seem primarily involved in the consequences of extended wakefulness, which can be harmful for the organism.
Searching for "Sleep" Genes
Several studies using microarray technology have analyzed changes in the whole Drosophila genome between different behavioral states, such as wakefulness, sleep deprivation, and recovery sleep (21, 139, 150) . The premise of such studies is that gene expression changes might reveal genes with a functional role in the regulation of a given behavioral state, and ultimately might provide clues about the function of sleep. Currently, the potentially functional role of only one gene, identified in several microarray studies, has been investigated in more detail.
Functional groups of genes that have been associated with wakefulness in several Drosophila microarray studies are immune response, redox state, detoxification, and cellular stress genes (17, 21, 139, 150) . In light of the polygenic nature of sleep and the fact that these studies used different methodologies (different strains of flies, different durations of wakefulness before tissue collection, head vs brain as a source of RNA, different statistical approaches), an important role was suggested for these genes in sleep regulation. However, a follow-up study on one of the genes induced by wakefulness, the Relish (Rel ) gene involved in immune response, indicated that the likely function of this gene might be to regulate physiological processes that help the organism to cope with the consequences of sleep deprivation (139) . Rel codes for NFκB in flies, and the induction during sleep deprivation increases resistance to bacterial infection in sleepdeprived flies (139) . The gene Rel, as well as Amylase, which is also induced by sleep deprivation, might be good candidates for genes regulating physiological states influenced by sleep (104) . In contrast to Rel and Amylase, behavioral and molecular analyses of gene mutants with substantial influence on baseline or recovery sleep indicate that they do not change their expression according to behavioral states ( Table 2) . Thus, such genes would never be identified by microarray experiments. The use of microarrays in current experimental designs might well be particularly conducive to identifying candidate genes regulated by sleep, but not core components of sleep regulation.
The first published account of a genomewide gene expression screen associated with sleep and wakefulness was published by Cirelli et al. in 2005 (3) .This comprehensive study of gene expression changes in awake and sleeping rats showed that there are commonalities between flies and mammals in gene regulation during different arousal states (4). The major finding in flies, as in rats, is that sleep and wakefulness are associated with different functional groups of genes (21) . Genes involved in detoxification, response to cellular stress and immune response, as well as carbohydrate, protein, and lipid metabolism are associated with wakefulness. Sleep-related transcripts are involved in lipid metabolism and glutathione synthesis.
Zimmerman et al. (150) measured gene expression changes over several time points during sleep deprivation, and applied trend analysis to classify genes based on the temporal increase or decrease in transcription with reference to time zero, i.e., the start of sleep deprivation (150) . Based on the observation that large numbers of genes show decreased expression during sleep deprivation, and based on their functional groups, these authors suggested that energyconsuming processes, such as protein production and neuronal excitability, decrease during extended wakefulness. They also argued that wakefulness might be limited not by the accumulation of sleep-promoting components, but rather by depletion of wakefulness-sustaining components. Such an interpretation assumes a direct and simple link between transcriptional and translation regulation. Unfortunately, we do not know whether changes at the mRNA level can be directly translated into changes at the protein level and, ultimately, what functional consequences they have on behavior. The hypothesis of a decline in variables promoting wakefulness, instead of accumulation of variables promoting sleep, albeit interesting, requires extensive further testing of candidate genes.
WHAT IS A "SLEEP GENE"?
Which criteria should be fulfilled for a gene to qualify as a sleep gene? The most straightforward and simple definition is that a gene can be referred to as a sleep gene when its product affects sleep. With the product we mean the encoded protein(s) although involvement of noncoding transcripts in sleep has also been reported (27) . For a trait as complex as sleep, such a definition lacks specificity; a vast number of genes will qualify because sleep has so many distinct aspects, each easily influenced by environmental and developmental perturbations or secondarily modified through other regulatory pathways and processes. Is a gene implicated in the development of the cerebral cortex, thereby affecting the sleep EEG, a sleep gene (80) ? Is a gene that modulates the response to pathogens and thereby affects sleep time a sleep gene (122) ? Is a gene that controls circadian period and therefore alters the sleepwake distribution a sleep gene (120)? Most sleep researchers will answer negatively to the above three questions and apply more stringent definitions tailored to the model organism used, the aspect of sleep under investigation, and the gene discovery method involved.
Our own work in the mouse, which focuses on the homeostatic regulation of NREM sleep, can be used as an example to formulate more specific criteria. Using complementary genetics and molecular approaches, we aim to identify genes that modify the "sleep-wake dependent dynamics of EEG delta power." In a QTL study using RI mice, we have provisionally mapped genomic loci that cosegregate with the level of EEG delta power at sleep onset after both sleep deprivation and spontaneous periods of wakefulness. The latter criterion was added to rule out genes that are involved in the sleep-deprivation-induced increase in stress. These analyses yielded two overlapping QTLs on chromosome 13, dubbed Dsp1 (41) . In a recent microarray study (79) , we searched for genes in which mRNA levels in the brain paralleled the sleep-wake-dependent changes in EEG delta power. Thus the expression of candidate homeostatic sleep genes should decrease over the course of the light period, when mice predominantly sleep, and increase during the active or dark period. In addition, we argued that these diurnal (or sleepwake-dependent) changes in gene expression should be abolished (or strongly reduced) in animals that were kept awake prior to the same time points sampled under the undisturbed baseline conditions. The latter criterion was applied to exclude true circadian genes that changed their expression according to time of day, irrespective of time spent awake. In the same experiment we also quantified gene expression in a peripheral tissue (i.e., liver) to distinguish those genes that are part of a general response pathway to sleep deprivation (e.g., increased stress and metabolism) present in all tissues from those genes that change specifically in the brain. The gene whose expression matched our prediction best was homer1a (79) , which is also the best candidate gene for Dps1 (77, 79) . In addition, the dynamics of the sleep-deprivation-related increase in homer1a differed among inbred strains of mice that differed also in the rate of increase in EEG delta power ( Figure 5) (41, 79) . For this gene to qualify as a true or core (see below) homeostatic sleep gene, a reverse genetics experiment using homer1a knock-out or knock-down mice is necessary to prove that the sleep-wake-dependent changes in EEG delta power both under baseline and after sleep deprivation conditions are absent or strongly reduced. These examples were used to illustrate the following points. In this inbred strain already after 3h of sleep deprivation (starting at light onset; 0h) maximal levels of mRNA are reached whereas in the other strains the increase is more gradual, reaching lower levels. These strain differences in increase rate match the wake-dependent increase of EEG delta power in these 3 strains (b) [modified from Franken et al. (41) ; n = 7/strain]. The sleep-wake-dependent changes in EEG delta power during NREM sleep are thought to reflect changes in sleep need. Symbols "b" and "d" indicate significant differences from B6 and D2 strains, respectively (P < 0.05; post-hoc tukey tests).
should be considered (e.g., wakefulness per se vs stress or circadian vs sleep-wake dependence or brain vs liver) to rule out alternative regulatory pathways not specific to sleep. In conclusion, we think there cannot be one general definition of a sleep gene as it greatly depends on the aspect of sleep considered. In the circadian field, genes necessary for circadian rhythm generation are referred to as core clock genes. Convincing proof for qualifying as a core clock gene is that its (genetic) inactivation should result in the inability to generate circadian rhythms in overt behavior. Although this is the case in Drosophila, in mice only bmal1 fulfills this criterion. This is a consequence of gene multiplication in mammals where several copies sometimes participate in related functions. Thus, circadian arrhythmicity in mammals is achieved only when several related genes are inactivated, as in mice that lack both period1 and -2, cryptochrome1 and -2, or clock and npas2. One advantage of using Drosophila in these studies, and probably for C. elegans too, is that the inactivation of single genes often leads to a distinct phenotype, as has been shown for clock genes, and now also for genes regulating sleep. Do we expect "core" sleep genes to exist? Such a consideration is closely tied to the definition of what constitutes a sleep gene. Studies have yet to report complete loss of sleep after functional inactivation of a gene (or a set of genes). Given the importance of sleep for survival, such knock-outs might be lethal. The discovery of core sleep genes for other aspects of sleep might be more likely. In the above example concerning the identification of genes involved in sleep homeostasis, homer1a could be considered a core sleep homeostatic gene provided its presence is required to couple the sleep-wake distribution to the changes in EEG delta power. Core genes for the homeostatic regulation of, for example, REM sleep duration could be identified using the same criteria as those for genes involved in the dynamics of EEG delta power. In Drosophila genes that modulate specific components of sleep have been described, such as sleep latency, amount, consolidation, and recovery sleep, showing that in flies as in mammals, sleep can be regulated at many levels, and that it is possible to dissect the genetic contribution to different levels of sleep regulation. Because sleep is preserved across species, similarities across species in gene pathways found to be implicated in sleep are especially relevant to establishing criteria for sleep. An important contribution will come from genetic and phenotypic similarities across species, of which some are already emerging. Such a cross species approach will lead to a comprehensive molecular and genetic model of sleep regulation, and ultimately will help us discover the functions of sleep.
As reviewed here, based on genes and species, several general sleep functions have been proposed, including synaptic plasticity, metabolism, macromolecule synthesis, or protection against waking stress. Currently, the most appealing hypothesis links sleep to neuronal plasticity in general (in mammals), or learning and memory specifically (in flies). One set of observations in support of this hypothesis is that in mammals plasticity-related genes change their expression to time spent awake and time asleep. However, in the fly, the same group of genes does not change expression as a function of vigilance state (21) . Another set of observations that led to this hypothesis is that both in flies and mammals a challenge of the sleep homeostat (i.e., sleep deprivation) leads to learning and memory deficits. However, the evidence presented in this review indicates a major role for MB in flies both in sleep and in learning and memory, whereas the homeostatic aspect of sleep does not seem to depend on MB. Whether these discrepancies argue against the hypothesis is a matter of debate, but such observations indicate that hypotheses concerning sleep function cannot be based on single experimental strategies (e.g., changes in gene expression or loss or gain of function of candidate genes) or data obtained in a single species. If we believe that sleep fulfills a vital function and if sleep is conserved across phylogeny, then sleep should have a conserved function.
However, the strategies developed and employed to meet such a function might differ greatly among species. Another crucial point in identifying a conserved function of sleep is that until now we did not explore sleep phenotypes in a consistent manner in all species and experiments. As mentioned above, the most reliable index of sleep need in mammals is the change in EEG delta activity, while sleep duration is used in invertebrates for evident reasons. At least in mammals, sleep duration and intensity are regulated differently and do not necessarily correlate, whereas hypotheses on neuronal plasticity and sleep are based mainly on changes in sleep intensity. Maybe other, more specific phenotypes, such as the sleep-wake-dependent changes in arousal thresholds, should be systematically used in all species to quantify sleep need, so that the gene pathways involved can be more reliably verified across species.
The most consistent finding thus far of cross-species similarities is the involvement of heat-shock-encoding genes (including BiP) (79) . We have argued that plasticity-related genes found in mammals may, similar to heat shocks, fulfill a very basic function, namely to protect the CNS against waking-induced overstimulation. Activity-induced genes such as plasticity-related genes may constitute a defense mechanism specific to mammals and absent in other species, in which induction of other basic defense mechanisms such as heatshock-related or immune-related genes may fulfill the same protective function. Only heatshock genes seem to show a consistent relationship with sleep and sleep homeostasis, probably suggesting a highly conserved and basic function, far removed from the more exciting and anthropomorphic functions related to higher brain functions in our species.
SUMMARY POINTS
1. In mammals sleep homeostasis is equated with changes in EEG delta power, whereas in the fly sleep homeostasis is gauged by rebounds in sleep amount. These two aspects of sleep are regulated differently at the behavioral and genetic levels. Therefore, to identify molecular genetic pathways important to sleep that are conserved across species, phenotypes that can be studied in all species must be precisely defined.
2. Forward, reverse, and molecular genetic approaches must be used in parallel to make progress in gene discovery and to unambiguously identify a gene's functional role in sleep.
3. Genetic and molecular studies in Drosophila suggest a segregation between brain areas involved in the regulation of sleep amount (mushroom bodies) and that of sleep need (outside of mushroom bodies). Regulation of baseline sleep amount by mushroom bodies might be a consequence of modulating arousal levels, as mushroom bodies transduce considerable amounts of sensory information to the rest of the brain.
4. In Drosophila, genome-wide analysis of transcriptional changes between different behavioral states has identified genes involved in physiological processes regulated and modified by sleep and waking, such as immune response. However, behavioral states do not modulate transcriptional regulation of genes influencing sleep amount and sleep need in Drosophila.
5. Most genes involved in sleep regulation in Drosophila also regulate learning and memory; however, proof of any functional relationship between these two processes is lacking. 
